Hard machining has gained much attention to be an alternative solution for many traditional finish grinding operations due to high productivity, ease to adapt to complex part contours, the elimination of cutting fluids, good surface quality, and the reduction of machine tool investment. However, the enormous amount of heat generated from the cutting zone always requires the high-grade inserts and limits the cutting conditions. The MQL technique with nanofluids assisted for hard machining helps to improve the cutting performance while ensuring environmentally friendly characteristics. This paper focuses on the development of MQL technique by adding Al 2 O 3 and MoS 2 nanoparticles to the base fluids (soybean oil and water-based emulsion) for the hard turning of 90CrSi steel (60÷62 HRC). The analysis of variance (ANOVA) is used to evaluate the performance of MQL parameters in terms of cutting forces and surface roughness. The study reveals that a better performance of coated carbide inserts is observed by using MQL with Al 2 O 3 and MoS 2 nanofluids. In addition, the fluid type, nanoparticles and nanoparticle concentration have a strong effect on cutting performance. The interaction influence among the investigated variables is also studied in order to provide the technical guides for further studies using Al 2 O 3 and MoS 2 nanofluids.
Introduction
Metal cutting processes are industrial processes in which the metal parts are shaped by the removal of unwanted material. They are required for almost all products, so the conventional machining operations, such as turning, boring, drilling, and milling, are the most crucial part of the production. For the conventional approach, the solution to finishing hardened steel parts has been grinding, but this process still has some main drawbacks like low material removal rate, heat deterioration, and the negative effects of coolant usage for the environment. Recently, hard machining has been considered an alternative solution for many traditional finish grinding operations. It has gained much attention and can be defined as the machining operation of a workpiece with the hardness value typically in the 45-70 HRC range by directly using the tools with geometrically defined cutting edges [1] . A number of clear benefits have been observed for machining of hard parts with a cutting tool such as high productivity, ease to adapt to complex part contours, the elimination of cutting fluids, good surface quality, and the reduction of machine tool investment. However, the selection of the cutting-tool inserts that can ensure the proper tool life and high precision of the machining components always faces the challenge. In addition, the biggest question is whether the cooling and lubricating fluids are used or not because the thermal shock must be taken into account to avoid the breakage of the inserts. In the reduced and the surface quality was significantly improved. The higher volumetric concentration and smaller size of nanoparticle were more effective to decrease the cutting forces. Ali, M.K.A. et al. [16] evaluated the tribological characteristics of Al 2 O 3 and TiO 2 nano-lubricant in automotive engines with different concentrations (0.05, 0.1, 0.25 and 0.5 wt %). The decrease in friction coefficient, power losses and wear had been reported. The kinematic viscosity of nano-lubricants decreased slightly, but the viscosity index increased. Especially, the worn surfaces were smoother due to the formation of self-laminating protective films of Al 2 O 3 nanoparticles. The presence of nanoparticles played an important role in creating the rolling effect to reduce the friction coefficient. Garg, A. et al. [17] studied the effect of nanofluid concentration of MQL micro-drilling process. From the experimental results, the authors pointed out that the nanofluid concentration had the strongest influence on the torque and power consumption. Yıldırım, C. V. and his co-authors [18] recently investigated the effect of hBN nanofluid for MQL turning of Ni-based Inconel 625. The significant enhancement of tool life and surface quality was observed by using hBN nanofluid (0.5 wt %). The results also showed the reduction of cutting temperature and tool wear by using MQL nanofluids when compared to dry machining. Duc, T.M. et al. [19] studied the performance of Al 2 O 3 nanofluids in MQL hard milling using carbide tools. The experimental results revealed the decrease of friction coefficient, cutting forces and tool wear due to the effectiveness of Al 2 O 3 nanofluids, which led to the improvement of cutting performance, surface quality, and tool life. Interestingly, the authors also proved that the addition of Al 2 O 3 nanoparticles in MQL fluids enlarged the applicability of the carbide tools in hard milling while ensuring the proper tool life and achieving the good surface quality, from which the reduction of manufacturing cost can be made. Uysal, A. et al. [20] evaluated the performance of MoS 2 nanofluid in MQL milling of AISI 420 stainless steel. The results obtained also revealed the reduction in both tool wear and surface roughness due to the lubricating effect of MoS 2 nanoparticles. Hegab, H. et al. [21, 22] studied the turning performance of Ti-6Al-4V alloy under the MQL technique using nano-cutting fluids. By using multi-walled carbon nanotubes (MWCNTs) suspended in vegetable oil, the MQL heat capacity was improved and the power consumption, as well as flank wear, reduced significantly with the nano concentration of 2 wt %. The authors concluded that the cutting performance and surface quality improved due to the interface bonding between the tool and workpiece surface. They also extended the study to investigate the tool performance and chip morphology during machining Inconel 718 by using MWCNTs and Al 2 O 3 nanofluid [23, 24] . The results indicated the enhancement of MQL cooling and lubricating capabilities, which contribute to improve the machining performance compared to the case with no nano-additives. The lower deformed chip thickness was observed, which led to lower cutting forces. Furthermore, a 2-D axisymmetric computational fluid dynamics (CFD) model is developed to simulate the thermal characteristics of nanofluid when machining Ti-6Al-4V and Inconel 718, which was used in the finite element model [25] . This is the first attempt to simulate the MQL machining process using nanofluid. From the obtained results, the improvement of thermal properties and the reduction of friction coefficient were confirmed. The authors also suggested that the negative effect on the tool wear could occur when increasing the nano concentration, but the induced friction could be decreased. Accordingly, the nanofluid concentration should be studied and optimized in order to be applied efficiently to fulfill the technical and economic requirements [26] . Eltaggaz, A. et al. [27, 28] investigated the effect on tool life and surface roughness during cutting austempered ductile iron alloys (ADI). Compared to dry, flood, MQL conditions, a significant reduction in the cutting forces and the better surface roughness were reported due to the cooling and lubricating enhancement of gamma-Al 2 O 3 nanofluids. Hence, the lower wear rates and wear levels were observed. Sharma, A.K. et al. [29] made a review of the effect of MQL in machining processes using conventional and nano cutting fluids. This study covered the important researches regarding the MQL techniques using mineral oils, vegetable oils and nanofluids for different machining processes. From the results, most of the experimental studies had shown better surface quality by using MQL technique with nanofluids when compared to dry and wet cutting. The cutting forces were much reduced due to the rolling effect of nanoparticles suspended in the base fluids. The authors also Lubricants 2019, 7, 40 4 of 17 suggested focusing on the further studies of the application of MQL with hybrid nanofluids. Singh, R.K. et al. [30] evaluated the performance of alumina-graphene hybrid nanofluid in hard turning. The experimental results revealed that the addition of graphene in alumina nanofluid enhanced the performance of hybrid nanofluids. The reduction of the values of surface roughness and cutting forces was also reported. In addition, the coefficient of friction of hybrid nanofluid was lower when compared to Al 2 O 3 nanofluid and the base fluid, from which the significant decrease of tool wear was observed. Jamil, M. et al. [31] studied the effects of hybrid Al 2 O 3 -CNT nano additive-based MQL and cryogenic cooling when machining Ti-6Al-4V alloy. Based on the experimental results, the MQL technique using hybrid nanofluid reduced the values of surface roughness, cutting forces and extended the tool life more effectively than the cryogenic technique. Nevertheless, the cryogenic CO 2 exhibited heat dissipation efficiently at low cutting speed. Moreover, Sharma, A.K. et al. [32] used alumina-MoS 2 hybrid nanofluid in hard turning of AISI 304 steel. The improvement of tribological properties of hybrid nanofluids was confirmed by experimental results. The thermal conductivity of alumina nanofluid increased by about 9.98%, but the hybridization of MoS 2 in alumina nanofluid brought out the negative effect with the rise of thermal conductivity by about 8.4%. On the other hand, the increase of temperature and nanoparticle concentration contributed to the improvement of thermal conductivity. The significant reduction of cutting forces and surface roughness had been shown by using the Al 2 O 3 -MoS 2 hybrid nanofluid when compared to the Al 2 O 3 nanofluid. The authors also suggested the further studies for investigating the effect of the volumetric ratio of two different nanofluids as well as the optimization of nanoparticle concentration.
From the literature review, it is well documented that the use of nanofluids in MQL hard machining brings out better cutting performance in terms of cutting forces, surface roughness, tool wear, tool life. The main reasons are the improvement of tribological and thermophysical properties of the base fluids when adding nanoparticles. Further studies are necessary for investigating the special properties of nanofluid in order to apply in MQL hard machining more effectively. In addition to that, there are few studies about the effect of alumina and MoS 2 nanofluids in MQL hard turning in terms of nanoparticle types, nano concentration, and different base fluids. For those reasons, the authors are motivated to conduct MQL hard turning experiments of 90CrSi steel (60-62 HRC) using Al 2 O 3 and MoS 2 nanofluids with coated carbide tools. The results of this study will not only provide the important technical guide for using Al 2 O 3 and MoS 2 nanoparticles in MQL hard turning, but also be the basis of hybrid nanofluids' applications and development for sustainable production.
Materials and Methods

Experimental Set up
Experimental Devices
The experimental set up is shown in Figure 1 Table 1 . Table 1 . Table 1 . Chemical composition in % of 90CrSi steel. 
The Preparation of Al2O3 and MoS2 Nanofluids
The nanoparticle concentration was calculated by the following equation and expressed in weight percent concentration (wt %)
Because the Al2O3 and MoS2 nanoparticles do not dissolve in soybean oil and water-based emulsion, they will sink to the bottom after a short time. The non-uniform distribution of the nanoparticles will bring out the very little effectiveness on MQL hard machining compared to the base fluids [33] . Another important point is that the nanoparticles in the bottom also cause the waste. To ensure uniform distribution of Al2O3 and MoS2 nanoparticles in fluids, the prepared nanofluids are kept in Ultrasons-HD ultrasonicator (JP Selecta, Abrera (Barcelona), Spain) ( Figure 5 ), generating 600 W ultrasonic pulses at 40 kHz, and the time for different concentrations 1.0% and 3.0 wt % is at least 40 min, 90 min. to ensure the uniform distribution of the nanoparticles respectively. In order to use the obtained nanofluids effectively and avoid the precipitation of agglomerated nanoparticles during the long time of machining, the nanofluids were placed in the 3000868-Ultrasons-HD and directly used for MQL system. 
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The Preparation of Al2O3 and MoS2 Nanofluids
Experiment Design
The experiment is carried out according to the factorial design 2 k−p with four variables (k = 4). The factorial design N = 2 k−p IV is chosen, and N = 2 4−1 = 8. Minitab 18 software is used for designing the experiment, and the experimental trials are repeated by 4 times under the same cutting parameters ( Table 2 ). The spindle speeds are chosen as 650 rpm and 950 rpm, which are equivalent to 81.7 m/min and 119.4 m/min, respectively. The experiments are carried out by following the design. The depth of cut and the feed rate are fixed at 0.15 mm and 0.1 mm/rev. The regression model for response parameters is given by: 
Results and Discussion
The Effects of Control Factors on the Cutting Forces and Surface Roughness
The results of evaluated responses R a , F x , F y , F z are shown in Table 3 . ANOVA analysis of MQL parameters for cutting forces F x , F y , F z and surface roughness R a is given by Tables 4-7 (the symbol * represents the interactions between the investigated factors). The ANOVA analysis is carried out at a confidence level of 95% (i.e., 5% significance level). The last column of these tables shows the influence of variation in input variables, and the p-values of most of them are smaller than the significance level (0.05). It means that the control factors, such as the type of fluids, the type of nanoparticles, and cutting speed, have a significant influence on the response parameters F z , F y , F x and R a . However, the influence of each variable is different, but the cutting force F y and surface roughness R a are much influenced. The obtained results play an important Lubricants 2019, 7, 40 9 of 17 role in machining practice because the study objectives are mainly the finish cutting, which requires high accuracy and surface quality. Especially, the cutting force component F y has a strong influence on the machining accuracy, so the study for selecting the MQL parameters is necessary to improve the machining accuracy and surface quality. The regression functions of cutting forces F x , F y , F z , and R a are given by Equations (3)- (6) The type of base fluid has a strong effect on the cutting force components, which are reflected by the slope of the line graph in Figures 6-8 . Emulsion-based nanofluid exhibits the smaller values of cutting forces F x , F y , F z than those of soybean-based nanofluid. It can be explained that the ignition temperature of soybean oil is lower than that of water-based emulsion. Therefore, the high heat generated from hard turning makes the lubricating character of soybean oil less effective, and this observation is suitable with previous studies [12, 19, 34] .
The effect of the nanoparticle type (x 2 )
The nanoparticle type (x 2 ) also has a strong influence on cutting forces, especially on the thrust force F y (shown in Figures 6-8) . Interestingly, the results reveal that MoS 2 nanoparticles exhibit the effectiveness on reducing the cutting forces F x , F z but increasing F y . In contrast, Al 2 O 3 nanoparticles exhibit the effectiveness on reducing the cutting force F y but increasing F x , F z . The main reason is that the morphology of Al 2 O 3 nanoparticles is nearly spherical with characteristics of high strength, hardness, and heat resistance, which show good abrasive resistance during the friction process and can create the rolling effect to reduce the friction coefficient in contact zone, especially in flank face [35] . Accordingly, the cutting force F y significantly reduces. Nevertheless, MoS 2 nanoparticles are ellipsoidal and provide the low coefficient of friction up to 0.03-0.05 or even lower due to "an easy-to-slide plane" from the weak binding of sulfur atoms between molecular layers [34] . From that, MoS 2 nanoparticles show the less effect on the cutting force, F y , but still effectively in reducing the cutting forces F x , F z . In finish hard machining, the cutting force F y , which contributes to a strongest influence on the dimensional accuracy. Therefore, Al 2 O 3 nanoparticles should be used in this case.
The nanoparticle type (x2) also has a strong influence on cutting forces, especially on the thrust force Fy (shown in Figure 6 Figure 7 Figure 8) . Interestingly, the results reveal that MoS2 nanoparticles exhibit the effectiveness on reducing the cutting forces Fx, Fz but increasing Fy. In contrast, Al2O3 nanoparticles exhibit the effectiveness on reducing the cutting force Fy but increasing Fx, Fz. The main reason is that the morphology of Al2O3 nanoparticles is nearly spherical with characteristics of high strength, hardness, and heat resistance, which show good abrasive resistance during the friction process and can create the rolling effect to reduce the friction coefficient in contact zone, especially in flank face [35] . Accordingly, the cutting force Fy significantly reduces. Nevertheless, MoS2 nanoparticles are ellipsoidal and provide the low coefficient of friction up to 0.03-0.05 or even lower due to "an easy-to-slide plane" from the weak binding of sulfur atoms between molecular layers [34] . From that, MoS2 nanoparticles show the less effect on the cutting force, Fy, but still effectively in reducing the cutting forces Fx, Fz. In finish hard machining, the cutting force Fy, which contributes to a strongest influence on the dimensional accuracy. Therefore, Al2O3 nanoparticles should be used in this case.
The effect of the nanoparticle concentration (x3)
The nanoparticle concentration exhibits a strong effect on the cutting forces, especially on the thrust force Fy (shown in Figure 6 ). The concentration of nanoparticles 1.0 wt % shows more effect on the reduction of cutting forces when compared to the concentration of nanoparticles 3.0 wt %. The proper nanofluid concentration plays a very important role in hard machining. It not only has a significant effect on cutting performance but also contributes to the rise of manufacturing cost. In addition, the use of large nano concentration also causes a negative effect on surface quality [36] and the waste due to the precipitation of nanoparticles. Accordingly, the low nanoparticle concentration should be considered to use for the decrease of cutting forces and to improve the surface quality. The cutting speed also exhibits an effect on the cutting forces, especially on the thrust force Fy. The increase of cutting speed results in the reduction of Fx, Fz and the rise of Fy. During hard machining, depending on the real cutting condition, the maximum cutting forces always exist at a value of the cutting speed. When rising cutting speed beyond this value, the cutting forces decrease [37] . Accordingly, at the cutting speed v = 119.4 m/min, the cutting force components Fx, Fz go beyond this value, but the cutting force Fy does not reach it; therefore, Fy increases. The further studies are needed to extend the results to optimize the cutting speed.
Among the investigated variables including fluid types, the types of nanoparticles, nano concentration and cutting speed, the type of nanoparticles has the strongest influence on Ra, followed by the fluid types (shown in Figure 9 ). The Al2O3 nanofluid exhibits smaller values of surface roughness Ra compared to MoS2 nanofluid, and the cutting speed has a little effect. The explanation can be concluded that the main effect on surface roughness in hard machining is the geometric factor (the scratch of cutting tools on the machined surface). The dynamic factors concerning with the elastic and plastic deformation of machined surface have little influence. Al2O3 nanoparticles, one of the hexagonal close-packed crystal materials, exhibit the best lubrication performance and are spherical (shown in Figure 3 ) with characteristics of high hardness. Furthermore, they demonstrate good resistance to high temperature [35, 38] . Hence, the "rolling effect" of Al2O3 nanoparticles exhibits the best lubricating performance at cutting zone leading the less scratch on machined surface to improve the surface integrity. The nanoparticle concentration exhibits a strong effect on the cutting forces, especially on the thrust force F y (shown in Figure 6 ). The concentration of nanoparticles 1.0 wt % shows more effect on the reduction of cutting forces when compared to the concentration of nanoparticles 3.0 wt %. The proper nanofluid concentration plays a very important role in hard machining. It not only has a significant effect on cutting performance but also contributes to the rise of manufacturing cost. In addition, the use of large nano concentration also causes a negative effect on surface quality [36] and the waste due to the precipitation of nanoparticles. Accordingly, the low nanoparticle concentration should be considered to use for the decrease of cutting forces and to improve the surface quality.
The effect of the cutting speed (x 4 )
The cutting speed also exhibits an effect on the cutting forces, especially on the thrust force F y . The increase of cutting speed results in the reduction of F x , F z and the rise of F y . During hard machining, depending on the real cutting condition, the maximum cutting forces always exist at a value of the cutting speed. When rising cutting speed beyond this value, the cutting forces decrease [37] . Accordingly, at the cutting speed v = 119.4 m/min, the cutting force components F x , F z go beyond this value, but the cutting force F y does not reach it; therefore, F y increases. The further studies are needed to extend the results to optimize the cutting speed.
Among the investigated variables including fluid types, the types of nanoparticles, nano concentration and cutting speed, the type of nanoparticles has the strongest influence on R a , followed by the fluid types (shown in Figure 9 ). The Al 2 O 3 nanofluid exhibits smaller values of surface roughness R a compared to MoS 2 nanofluid, and the cutting speed has a little effect. The explanation can be concluded that the main effect on surface roughness in hard machining is the geometric factor (the scratch of cutting tools on the machined surface). The dynamic factors concerning with the elastic and plastic deformation of machined surface have little influence. Al 2 O 3 nanoparticles, one of the hexagonal close-packed crystal materials, exhibit the best lubrication performance and are spherical (shown in Figure 3 ) with characteristics of high hardness. Furthermore, they demonstrate good resistance to high temperature [35, 38] . Hence, the "rolling effect" of Al 2 O 3 nanoparticles exhibits the best lubricating performance at cutting zone leading the less scratch on machined surface to improve the surface integrity. 
The Interaction Effects among the Investigated Variables
The Interaction Effects of Cutting Force Components Fx, Fy, Fz
The interaction effects between the fluid type and the kind of nanoparticles: it can be observed that the values of the objective functions of Fx, Fy, Fz increase when changing the base fluid from water-based emulsion to soybean oil, but the increasing amount in case of using MoS2 nanoparticles is larger than that of using Al2O3 nanoparticles ( Figure 10 Figure 11 Figure 12 ). The blue line graph of MoS2 nanoparticles has a larger slope coefficient than the red one of Al2O3 nanoparticles. It means that the type of nanoparticles has a significant interaction influence on the base fluid type. Then, the combination of using the fluid type and MoS2 nanoparticles to form the nanofluid has a stronger influence on the cutting force components than using Al2O3 nanoparticles.
The interaction effects between the fluid type and nanoparticle concentration: the nanoparticle concentration has a large interaction effect on the base fluid type, but the increasing amount in case of 1.0 wt % is larger than that of 3.0 wt %, which is reflected by a larger slope coefficient of the blue line graph. Accordingly, the use of the concentration of 1.0 wt % with two base fluids exhibits a stronger influence on cutting forces Fx, Fy, Fz.
The interaction effects between the fluid types and cutting speed: from the Figure 10 Figure 11 Figure 12 , it can be clearly seen that the two line graphs are almost parallel, which means the cutting speed has a very little interacting influence on the two kinds of base fluid.
The other interaction effects with gray backgrounds represent the terms which have very little effect and does not discuss in the investigated model (Figure 10 ).
The Interaction Effects for Surface Roughness Ra
The interaction effects between the fluid type and the kind of nanoparticles: The values of the objective functions of Fx, Fy, Fz increase when changing the base fluid from water-based emulsion to soybean oil, which is in contrast to the case of using Al2O3 nanoparticles. In addition, the slope directions of the two line graphs reflect the strong interaction effect on the base fluids. From that, the Al2O3 soybean-based nanofluid should be suggested to achieve the lowest value of surface roughness Ra.
The interaction effects between the fluid type and nanoparticle concentration are similar to those of the base fluids and cutting speed. The nanoparticle concentration and cutting speed contribute to the strong interacting influence on the kinds of fluid ( Figure 13 ). The interaction effects between the fluid type and the kind of nanoparticles: it can be observed that the values of the objective functions of F x , F y , F z increase when changing the base fluid from water-based emulsion to soybean oil, but the increasing amount in case of using MoS 2 nanoparticles is larger than that of using Al 2 O 3 nanoparticles (Figures 10-12) . The blue line graph of MoS 2 nanoparticles has a larger slope coefficient than the red one of Al 2 O 3 nanoparticles. It means that the type of nanoparticles has a significant interaction influence on the base fluid type. Then, the combination of using the fluid type and MoS 2 nanoparticles to form the nanofluid has a stronger influence on the cutting force components than using Al 2 O 3 nanoparticles.
The interaction effects between the fluid type and nanoparticle concentration: the nanoparticle concentration has a large interaction effect on the base fluid type, but the increasing amount in case of 1.0 wt % is larger than that of 3.0 wt %, which is reflected by a larger slope coefficient of the blue line graph. Accordingly, the use of the concentration of 1.0 wt % with two base fluids exhibits a stronger influence on cutting forces F x , F y , F z .
The interaction effects between the fluid types and cutting speed: from the Figures 10-12 , it can be clearly seen that the two line graphs are almost parallel, which means the cutting speed has a very little interacting influence on the two kinds of base fluid.
The Interaction Effects for Surface Roughness R a
The interaction effects between the fluid type and the kind of nanoparticles: The values of the objective functions of F x , F y , F z increase when changing the base fluid from water-based emulsion to soybean oil, which is in contrast to the case of using Al 2 O 3 nanoparticles. In addition, the slope directions of the two line graphs reflect the strong interaction effect on the base fluids. From that, the Al 2 O 3 soybean-based nanofluid should be suggested to achieve the lowest value of surface roughness R a .
The interaction effects between the fluid type and nanoparticle concentration are similar to those of the base fluids and cutting speed. The nanoparticle concentration and cutting speed contribute to the strong interacting influence on the kinds of fluid ( Figure 13 ). From the obtained results, to achieve the small values of surface roughness R a , the emulsion-based nanofluid with low concentration (1.0 wt %) and cutting speed (v = 81.7 m/min) or the soybean-based nanofluid with high concentration (3.0 wt %) and cutting speed (v = 119.4 m/min) should be used. 
Conclusions
The cutting performance of carbide inserts is improved by the use of the MQL technique with Al2O3 and MoS2 nanofluids. The enhancement of thermal conductivity and lubricating characteristic of the base fluid is observed due to the presence of Al2O3 and MoS2 nanoparticles.
The factorial experimental design is used to evaluate the effects of variables on the objective functions, from which the directions of further studies can be made. In this study, the influence of 
The cutting performance of carbide inserts is improved by the use of the MQL technique with Al 2 O 3 and MoS 2 nanofluids. The enhancement of thermal conductivity and lubricating characteristic of the base fluid is observed due to the presence of Al 2 O 3 and MoS 2 nanoparticles.
The factorial experimental design is used to evaluate the effects of variables on the objective functions, from which the directions of further studies can be made. In this study, the influence of MQL parameters, including the fluid types, nanoparticle types, nanoparticle concentration, and cutting speed, is investigated in terms of cutting forces and surface roughness. The obtained results will provide the important direction for selecting the control factors of the further studies.
The empirical regression equations (Equations (2)- (5)) are formulated, and ANOVA analysis is carried out at a confidence level of 95% (i.e., 5% significance level). Most of possibility values (p-value) are smaller than the significance level α = 0.05, from which the investigated variables have a significant effect on the objective functions of F x , F y , F z and R a . In addition, the possibility values of linear models are much smaller than the significance level α = 0.05 and the regression models judged by the coefficients of determination (R 2 ) are suitable.
Based on the experimental results, the direction for MQL parameters using nanofluids is studied in order to reach the desired outputs. MoS 2 nanofluid has a strong effect on reducing cutting forces F x , F z but increasing thrust force (F y ), which is contrary to that of Al 2 O 3 nanofluid. In finish hard turning machining, the thrust force (F y ) has a strongest influence on the dimensional accuracy, so Al 2 O 3 nanofluid should be used in this case. Furthermore, to achieve the lowest value of surface roughness R a , Al 2 O 3 soybean-based nanofluid shows the better performance than that of the other investigated ones.
The investigation of Al 2 O 3 and MoS 2 nanofluids for MQL hard turning will provide the necessary technical guideline on using nanofluids and hybrid nanofluid more efficiently.
In further research, more investigations need to be focused on the effects of the concentration and size of nanoparticles and their interaction with the fluid types on tribological and heat transfer mechanisms in hard machining. The influence of nanoparticle morphology is necessary to be performed to understand the interaction with the friction coefficient. In addition, more focus will be given to optimize the parameter of Al 2 O 3 and MoS 2 nanofluid.
